This study was undertaken to investigate distribution, fractionation, bioavailability and remobilization characteristics of bound soil-aged carbofuran and the effect of ageing in clay soil in a typical field of sugar beet at Loukkos in northwest Morocco. Results indicate that initially there were high levels of bound residues (BR) in the humin fraction, which decreased with incubation time and ageing of the BR. While in the fulvic and humic acid fractions, the amount of BR increased with the ageing of the BR and occurred predominantly (60%) in the fulvic acid fraction. The possibility of the mineralization and release of BR with ageing was studied using fresh soil and an incubation period of 90 days. The results indicate that the ageing of the residues have a great influence on the remobilization and mineralization rates of carbofuran BR; 9.45 to 14.90% of the total BR was released as extractable residues, and 1.95 to 4.15% was mineralized depending on the age of the residues in soil and the soil-aged carbofuran BR. The incorporation of the residues in the humin fraction is considered to be a threat to the environment. On the other hand, the clear prevalence of residues in the fulvic and humic acid fractions, may have an important effect on their bioavailability and movement in soil. Moreover, the re-extractability of BR could pose a potential environmental risk. Consequently, the BR remobilized must be taken into account when assessing for registration processes the environmental risk of pesticides persisting in soils.
over time. For the environment this reduction in bioavailability and accessibility is beneficial. However, there might be processes, which cause an irreversible release of sorbed residues over time (Khan and Ivarson 1981, 1982; Yee et al. 1985; Barriuso et al. 2004) . The extent of the reversibility between unavailable and available forms of bound residues (BR) is likely to play an important role in the long-term fate of pesticides (bioavailability) (Barriuso et al. 2008) .
Two main mechanisms are involved in BR formation: (i) Covalent(s) binding between pesticides or their degradation products and soil constituents; (ii) physical entrapment of the compound or its degradation products in soil matrices (Bertin and Schiavon 1989; Calderbank 1989; Bollag et al. 2002) . Regardless of the mechanism, soil organic matter is involved in their formation.
The extent of the formation of BRs varies depending on the compound, but it may result in a significant part of the residues remaining in the soil, ranging, in general, from 7 to 95% of the dose initially applied (Bollag and Loll 1983; Führ 1987; Calderbank 1989) .
Introduction
Previous investigations show that pesticides bind almost irreversibly with soil constituents, including organic compounds, resulting in the formation of non-extractable bound residues (Führ 1987; Calderbank 1989; Khan and Behki 1990; Gevao 2000; Nowak et al. 2011; Liu et al. 2013; Kästner et al. 2014) . These chemical entities are defined as pesticide residues that are not extractable using current methods. They are not extractable using methods that do not significantly change their nature (Roberts et al. 1984; Fuhr et al. 1998) .
Because of the difficulty of extracting these residues using conventional analytical methods total pesticide residues tend to be underestimated (Führ 1982; Khan 1982; Calderbank 1989) . The use of molecules radiolabelled with 14 C has revealed that pesticides remain firmly bound to the soil matrix. This is the result of changes in the stabilization process of the sorption phenomena from weak to strong adsorption sites and diffusion and sequestration or entrapment by sites, during which pesticides and their degradation products become increasingly more stable and less available (Bertin and Schiavon 1989; Senesi 1992; Loiseau 2001; Barriuso and Benoît 2006) .
As summarized in Gevao et al. (2003) , these residues become increasingly unavailable to the biota, less toxic and less likely to desorb from humic substances On the other hand, BR formation can be regarded as a stabilization process leading to an increase in the persistence of pesticides in soils. However, the formation of BRs pose problems concerning their fate and potential long term risks (Kacew et al. 1996; Alexander 2000) . From an environmental point of view, it appears that their immobilization is advantageous and may be regarded as a process contributing to reducing the risk of these residues polluting soil and water (Calderbank 1989; Barriuso and Benoit 2006; Barriuso et al. 2008) . Because of their possible release/remobilization by a variety of processes (Gevao et al. 2005 ) these residues can become potentially bioavailable in the future and may then constitute a threat to soil quality (Burauel and Führ 2000) and sensitive crops (Novak et al. 1995; Scheunert and Reuter 2000; Gevao et al. 2001; Han et al. 2009 ) and subsequently contribute to diffuse pollution (Dec et al. 1990; Barriuso et al. 2008 ) and contaminate drain and groundwater resources (Khan 1982; Capriel et al. 1985) .
For the environmental risk assessment, it is essential to determine whether the bound residues are permanently retained or gradually released into the soil solution and therefore become again bioavailable for plants, living organisms and are likely to contaminate water resources. On the other hand, study of the localization of sites of BRs in soil organic fractions is of great interest as long as it is used to estimate the risk of residues being mobilized. It has been the subject of a number of studies (Nichiolls 1988; Bertin and Schiavon 1989) . Khan and Hamilton (1980) demonstrate that bound residues are located in 3 major fractions of soil organic matter, i.e. fulvic acid (FA), humic acid (HA) and humin (H).
Carbofuran 2,3-dihydro-2,2-dimethyl-7-benzofuranyl methylcarbamate) is among the most widely used carbamate insecticide and nematicide worldwide due to its broad spectrum of effectiveness against a wide range of insects and pests on several crops, including wheat, sugar beet, sugar cane, corn, rice, potato, cotton, sunflower, etc. (Chapalamadugu and Chaudhry 1992; Jaramillo et al. 2000; Ezzahiri et al. 2015) . As a result, it has attracted more attention as an alternative to the more persistent and highly toxic organochlorine insecticides (Goad et al. 2004; Saxena et al. 2013) .
However, despite its efficacy as an agricultural pesticide, Furadan® has been restricted or banned in many countries, including the USA and Canada (Erwin 1991; Agriculture Canada 1993) . However, in Morocco, as in many countries (Gnanavelrajah and Kandasamy 2012; Otieno and Schramm 2012; Khairatul et al. 2013) , it is still used in large amounts, particularly in sugar beet and tomato crops, against many insects, root worms and earthworms (Ezzahiri et al. 2015) .
Experiments on the long-term fate of 14 C-labeled pesticides in soils are rarely conducted. There are no studies on the effect of old carbofuran bound residues on remobilization and mineralization of long term-aged 14 C-labelled pesticide residues, which are necessary for a better understanding of the remobilization of carbofuran bound residues under changing abiotic conditions. Therefore, the present study investigated the distribution of carbofuran BR in soil, their biodegradation and the influence of ageing on their fate in soil in at Loukkos, an important agricultural area in north western Morocco, characterized by intensive agriculture mainly consisting of horticultural cultures, sugar beet, sugar cane, etc. According to the national statistics the area under sugar beet (65,000 ha) (Doukkali et al. 2009 ) is annually sprayed with about 1300 tons of this insecticide, with more than 100 tons applied at Loukkos (5140 ha). With increase in population and increase sugar consumption, currently estimated at 34 kg/person/year (Bouziane 2011) , efforts are being made to intensify sugar beet production to attain national self-sufficiency in sugar production, which is among the recommendations of the Green Moroccan Plan, a new government agricultural development strategy (ADA 2009). On the other hand, although frequently invoked to explain the decreases in pesticide degradation with time (e.g. Boivin et al. 2004; Amellal et al. 2006; Kästner et al. 2014) , the relationship between the ageing of the bound residues of pesticides and their biodegradability by re-incubation of differently aged BR in fresh soil has been poorly investigated (Lerch et al. 2009 ).
Understanding the behaviour of bound residues of carbofuran in the environment, is essential for determining the long-term fate and significance of this potential reservoir of contaminants and to develop strategies for remediation and prevention of adverse effects on the environment caused by using it to treat fields of sugar beet.
The specific objectives of this work were (i) to study the distribution of bound residues of 14 C-carbofuran in different organic matter fractions of soil, (ii) to evaluate the potential mineralization of carbofuran bound residues in soil, (iii) to estimate their risk of being remobilized as a result of ageing, and finally (iv) to quantify the effect of ageing on the distribution of carbofuran BR in the different organic matter fractions in soil and their bioavailability in soil, in order to improve risk assessment.
Materials and Methods

Soil Samples
The soil samples used in this study were obtained from a previous study on the dissipation of 14 C-carbofuran over a period of 168 days using soil columns (Benicha and Azmani 2005) . We used different aged soil samples (from 7 to 168 day samples: the compound had aged for 7 to 168 days in soil) which contained 14 C-carbofuran BR residues. The BR soil samples were used after complete soxhlet extraction using methanol, air drying, crushing and homogenizing. Samples of fresh soil were also collected from around the perimeter of Loukkos. Its physical and chemical characteristics are presented in Table 1 . extracts were no longer radioactive. Methanol was concentrated to 10 ml in a Rotavapor, Buchï, Switzerland at 30 °C and then 1 ml methanol extract was mixed with toluene based scintillator and radio assayed.
Radioactivity Measurement
Radioactivity was measured using a liquid scintillation counter Packard Tricarb 1100 aft er a cocktail xylene-based solution containing PPO (2,5-diphenyl oxazole), POPOP (1.4-bis/2-(5-phenyloxazolyl)benzene) and naphthalene was added to the sample. Th e internal standard was used to correct for any quenching eff ect.
Results and Discussion
Distribution of Carbofuran Bound Residues in Soil Organic Matter
Th e distribution of carbofuran bound residues in the diff erent organic fractions in soil determines their bioavailability and fate. Th e fractionation of the organic matter revealed that bound residues were present in all the fractions. Th e result showed that initially the bound residues were mainly in the humin fraction with more than 50% of the BRs. With ageing, however, these residues were released from the humin fraction and incorporated into humic fractions, i.e. FA and HA, with most in the FA fraction (Fig. 1) . Th us, aft er 168-days of incubation (aged sample) large amounts of these bound residues were incorporated in the FA fraction with 42.03% as against 28.96% and 29.01%, respectively, for the H and HA fractions, whereas aft er 7 days of incubation, FA contained only 26.43% as against 22.94% and 50.63%, respectively, for the HA and H fractions.
Distribution of Bound Residues in Diff erent Organic Matter Fractions in the Soil
To localize 14 C-carbofuran BR in soil, we fractionated organic matter using Th ibaud et al. (1983) method. Th e soil was mixed with 0.1N NaOH and 0.1M sodium pyrophosphate (Na 4 P 2 O 7 ) solutions and shaken for 1 hour. Th e mixture was then centrifuged at 4000 rpm for 20 min. Th e precipitate obtained is the humin (H) fraction. Alkaline extracts contain humic (HA) and fulvic (FA) acids. HA was precipitated by adjusting the pH solution to 2 with H 2 SO 4 . Aft er 30 min at 4 °C, solutions were centrifuged at 4000 rpm for 20 min and the supernatant containing FA was recovered. Precipitated HA were dissolved in 10 ml of 0.1N NaOH and the radioactivity of HA and FA was measured using a Liquid Scintillation Counter (LSC). HA fraction was quantifi ed using a Biological Material Oxidizer (BMO) and the 14 CO 2 formed was quantifi ed (LSC).
Mineralization and Bio-Release of Carbofuran Bound Residues
Extracted soil sample (50 g) was mixed with 50 g of the same type of soil (freshly collected and sieved to 2 mm) and placed in standard biometric fl asks at room temperature. 20 ml ethanolamine (scintillation grade) was placed in the side arm of the fl asks to trap the 14 CO 2 released. Distilled water was added to the mixture in order to maintain humidity equivalent to 60% of water holding capacity. Th e fl asks were then closed and the humidity controlled and adjusted periodically by weighing the fl asks. Th e experiment was carried out over a period of 90 days. Th e samples were collected, in triplicate, aft er 0, 30, 60 and 90 days of incubation. Th e 14 CO 2 released was quantifi ed (LSC) and the soil in each sample was soxhlet extracted in methanol to determine the quantity of residue rendered extractable. Th e new extracted soil samples were then air-dried and combusted, using BMO to determine amount of residue still bound to the soil.
Determination of Bound and Total Residues
Th e determination of total and bound residues was carried out using a Biological Material Oxidizer (Harvey OX600). Th e 14 CO 2 obtained aft er combustion of a soil sample (10 g) at high temperatures (900 °C) for 5 min, was trapped in scintillation grade ethanolamine (10 ml) and the radioactivity determined by measuring 1 ml of the solution in the liquid scintillation counter.
Determination of Extractable Residues
50 g (dry weight basis) soil samples were extracted in a soxhlet extraction apparatus with methanol for 4 h (5-6 cycles/h). Th e procedure was continued until the Similar results are reported in the literature. Aft er 20 days of incubation of carbofuran in a clay-loam soil, the FA fraction contains 44% of the bound residues, followed by HA with 38% and humin with 20% (Hussain et al. 1986 ). Lee and Park (1995) report that the non-extractable carbofuran residues are mainly located in soil organic matter in the order FA > H > HA. Carbofuran non-extractable bound residues in the humin soil organic fraction ranged from 52 to 55%, with FA containing from 32 to 39% and HA from 9 to 11% of the total BR (Lee et al. 1987) .
Prevalence of BR in the FA fraction is also reported for other pesticides. Khan and Hamilton (1980) found that the residues of prometryn in the H fraction move over time into the FA and HA fractions. On the other hand, Barriuso et al. (1991) report that Atrazine residues are fi rst bound to FA and fi nally to humin.
Th e high accumulation of residues in water-soluble fulvic and humic acids (74.04%) has important environmental consequences since it is not only available to plants, but also for soil and aquatic organisms. Lewandowska (2004) report that residues of 2,4-D bound in the soil are available for wheat plants. Most radioactive residues detected in the soil are in the water-soluble FA fraction. Th erefore, these residues are available not only for plants, but also for soil and aquatic organisms. Khan (1982) , Capriel et al. (1985) , Bertin and Scaviona (1989) and Andreux et al. (1991) , who chemically fractioned the soil organic matter, report that the FA content of soil plays an important part in the initial rapid immobilization of pesticides. Th is is also reported by Andreou et al. (2009) who records a great association with and enrichment of the FA fraction of the organic carbon in soil determining the distribution of BR of isoproturon, diazinon and cypermethrin pesticides. Khan (1982) and Lewandowska and Weymann (2002) consider that these residues of atrazine as potentially available for plants, soil and water fauna.
Th e abundance of carbofuran bound residues in FA is probably related to interactions with the polar groups that abundantly occur in the FA fraction, as suggested by Loiseau et al. (2002) for atrazine bound residues.
Bioavailability of Carbofuran Bound Residues
Th e bioavailability of carbofuran bound residues is presented in Fig. 2 . Th is shows that the re-extractable residues ranged from 9.45 to 15% of the total amount, while 1.95 to 4.15% of the total bound residues were mineralized ( 14 CO 2 release) depending on the incubation time and ageing of BR in the soil.
Th e results indicate a signifi cant increase in BR extractability with incubation time. For the 7-day sample, 9.45% of the residues were extractable and aft er three months it was 14.90% (Fig. 2) . Th e same tendency was recorded for the mineralization rate. For the same 7-day sample, 1.95% were mineralized aft er one month and increased to 4.15% aft er three months of incubation.
On the other hand, there was a reduction in the carbofuran BR that could be extracted from soil samples with ageing. Extractability of the carbofuran BR decreased with ageing, to 10.6% for the 168-day sample compared to 14.9% for the 7-day sample. However, the longer the BR is incubated with fresh soil the greater the increase in the extractability of BR (from 1 month to 3 months). At the end of the third month of ageing, methanol soxhlet extracts of the 7-day sample were 9.45%, 11.35% and 14.90% of the aged carbofuran BR, for 1, 2 and 3 months respectively, while it was only 6.39%, 8.80% and 10.60% for the 168-day sample for the same periods.
Th is gradual decrease in the release of BR with ageing is probably due to the fact that BR formed immediately aft er the application of carbofuran (7 and 14 days samples) are released more quickly than those that form aft er a long term interaction with the soil. Th e same tendency was recorded for the mineralization rate of BRs; a gradual decrease with age. Th is gradual decrease with age of both re-extractable and mineralized quantities, could be due to the fact that the BRs become more stable the longer they are in the soil. Th ese fi ndings support the results on the sorption of carbofuran by soil (Benicha and Azmani 2005) ; their break down becomes increasingly diffi cult with time due to the interactions with soil components, with which the molecule becomes progressively more tightly bound, or entrapped in, the organic matrix and correspondingly more stable and less bioavailable (Ahmad et al. 2004; Barraclough et al. 2005 ) (ageing process). Andrea and De Wiendl (1995) report the same for lindane with the formation and bio-release of lindane BR varying depending on soil type and ageing of the compound in the soil. Johnson et al. (1999) show that a signifi cant reduction in atrazine BR extractability occurs with ageing. Th ey report that extractability of BR decreases from 96% aft er 1 week to 66% aft er 3 months of ageing. Nakagawa et al. (2000) report a small release of up to 3.5% of 14 C-atrazine BR from soil following the addition of an inoculum of microorganisms. Nam and Kim (2002) report a decline in the bioavailability of PAH with increase in residence time. Characterization of carbofuran bound residues and the eff ect of ageing on their distribution and bioavailability 61 BR Mineralization rates were low and did not exceed 4.15% and declined with age (from 7 to 168-days). Th eir re-extractability rates however, were signifi cantly higher, up to 15% aft er 90 days incubation (7-day sample). Th is suggests that microorganisms initially release the BR by breaking down bonds between molecules of the insecticide and the soil matrix, then degrade and mineralize them for use as a nutrient source (Ladd 1989; Khan and Behki 1990; Hayar 1997) .
Results of Khan and Behki (1990) show that 30-35% of BR of atrazine can be extracted from soil inoculated with fresh soil aft er 83 days. Gevao et al. (2001) also report that the re-extractability of atrazine BR is of the same order (24% of BR). Khan and Ivarson (1981) report a release of 27% of the BR of prometryn by soil microorganisms aft er 22 days of incubation of soil containing BR associated with fresh soil. Th ey report, however, that the evolution of 14 CO 2 during this period was negligible. For the same pesticide incubated in another type of soil Khan and Ivarson (1982) report the release of 25-30% of BR aft er 28 days of incubation with fresh soil. Th ey report a low mineralization rate, which indicates that the breakdown of the aromatic ring of the product is a minor reaction. Roberts and Standen (1981) show that 25-40% of cypermethrin residues are mineralized aft er incubation of soil BR with fresh soil. Nakagawa et al. (2000) report that 14 C-atrazine BR is released from soil aft er the addition of an inoculum of microorganisms but very little 14 CO 2 was produced: less than 0.8%.
Our results also show that mineralization rates decrease with ageing of carbofuran BR. Th is could be explained by the fact that old BRs are very tightly bound to soil and very stable. Th ese results confi rm those obtained by others in that ageing reduces the mineralization of pesticides (Chung and Alexander 1998; Regitano et al. 2006) . Hatzinger and Alexander (1995) report that mineralization of phenanthrene and 4-nitrophenol in soils decreases with ageing, which also increases the resistance of phenanthrene to biodegradation and extraction. Alexander (2000) report that laboratory tests confi rm the lower availability to microorganisms of aged than of unaged compounds in diff erent soils. Th e bioavailability to microorganisms decreases with time. Field ageing also diminishes the availability to microorganisms of many pesticides (Scribner et al. 1992; Weissenfels et al. 1992 ). Nam and Kim (2002) report that mineralization rates of phenanthrene aged in the humin-mineral fraction significantly decreased with time.
Conclusions
Th is study investigated the fate of carbofuran BR and the infl uence of ageing on the extent to which they are bound into organic matter fractions and their bioavailability. Th e distribution experiment revealed the presence of substantial amounts of carbofuran BR in water-soluble soil fractions (FA and HA). As a result, residues in this fraction are more bioavailable and thus their movement in soil constitute an environmental risk. On the other hand, their bioavailability (possibility of remobilization) increases when fresh soil is added, with re-extractability up to 15% and a mineralization rate of 4.15% over 90 days. Th is release of part of the residues can be a source of environmental pollution. Th e results also show that ageing has an eff ect on mineralization and extractability of carbofuran BR; the older the BR, the more diffi cult their release and mineralization. Th is is important information for environmental management and environmental risk assessment of pesticides. Th erefore, the formation of bound pesticide residues in soil should be taken into account when assessing risk of applying chemicals to soils. 
